In a previous paper [1], we showed how the minimal walking technicolor model (WTC) can provide a composite dark matter candidate, by forming bound states between a −2 electrically charged techniparticle and a 4 He ++ . We studied the properties of these techni-O-helium tOHe "atoms", which behave as warmer dark matter rather than cold. In this paper we extend our work on several different aspects. We study the possibility of a mixed scenario where both tOHe and bound states between +2 and −2 electrically charged techniparticles coexist in the dark matter density. We argue that these newly proposed bound states solely made of techniparticles, although they behave as Weakly Interacting Massive Particles (WIMPs), due to their large elastic cross section with nuclei, can only account for a small percentage of the dark matter density. Therefore we conclude that within the minimal WTC, composite dark matter should be mostly composed of tOHe. Moreover in this paper, we put cosmological bounds in the masses of the techniparticles, if they compose the dark matter density. Finally we propose within this setup, a possible explanation of the discrepancy between the DAMA/NaI and DAMA/LIBRA findings and the negative results of CDMS and other direct dark matter searches that imply nuclear recoil measurement, which should accompany ionization. * Electronic address: khlopov@apc.univ-paris7.fr † Electronic address: kouvaris@nbi.dk
I. INTRODUCTION
Walking technicolor theories (WTC) have regained a lot of interest recently. This is because they can naturally break the electroweak symmetry without violating experimental constraints by the electroweak precision measurements. Several technicolor theories that have techniquarks transforming under higher representations of the gauge group, require a small number of colors and flavors in order to become quasi-conformal [2, 3, 4, 5] . Because of this property, the Higgs particle can be composed of two techniquarks and be able to couple even to the heavier Standard Model particles like the top quark. On the other hand, the fact that these theories become conformal only for a small number of colors and flavors, differentiates them from the old baroque technicolor models that are excluded by the electroweak precision measurements. In addition, the possibility of unification of the couplings makes the walking technicolor theories legitimate candidates for the Large Hadronic Collider (LHC) [6] .
Among the walking technicolor theories, special interest has been drawn to the minimal case. This particular model contains only two techniquarks that transform under the adjoint representation of the SU(2) technicolor group and a new lepton family in order to cancel the Witten global anomaly. This minimal model has been investigated thoroughly in [7, 8] . A holographic description of the theory was presented in [9] , where several predictions regarding the mass spectrum were made. Lattice methods have also been used recently for the study of gauge theories with fermions that transform under higher dimensional representations [10, 11, 12] . Although simple in nature, this minimal walking technicolor model can provide several possibilities for dark matter. In particular, the theory can admit as dark matter particles technibaryons [13] , bound states between a neutral techniquark and a technigluon [14] , heavy leptons of the fourth lepton family [15] , or bound states between a −2 electrically charged techniparticle and a He ++ [1] . In the latter case, WTC offers a new exciting realization of a composite dark matter scenario, which was earlier considered in different aspects in the model of teraparticles [16, 17] , in the AC model [18, 19] , based on the approach of an almost commutative geometry [20, 21] , and in the model of 4th generation [22, 23, 24, 25] , assuming existence of stable heavy U quark [26] .
In all these recent models (see review in [27, 28, 29, 30] ), the predicted stable charged particles form neutral atom-like states, composing the dark matter of the modern Universe and escaping experimental discovery. It offers new solutions for the physical nature of the cosmological dark matter. The main problem for these solutions is to suppress the abundance of positively charged species bound with ordinary electrons, which behave as anomalous isotopes of hydrogen or helium. This problem remains unresolved, if the model predicts stable particles with charge −1, as it is the case for tera-electrons [16, 17] .
The possibility of stable doubly charged particles A −− and C ++ , revealed in the AC model, offered a candidate for dark matter in the form of elusive (AC)-atoms. In the charge symmetric case, when primordial concentrations of A −− and C ++ are equal, their binding in the expanding Universe is not complete due to freezing out and a significant fraction of free relic C ++ , which is not bound in (AC)-atoms, is left in the Universe and represents a potential danger of anomalous helium overproduction. The suppression of this fraction in terrestrial matter involves a new long range interaction between A and C, making them to recombine in (AC)-atoms inside dense matter bodies [18, 19] .
In the asymmetric case, corresponding to excess of −2 charge species, as it was assumed for (ŪŪŪ) in the model of stable U-quark of a 4th generation, their positively charged partners annihilate effectively in the early Universe. The dark matter is in the form of nuclear interacting O-helium -atom-like bound states of −2 charged particles and primordial helium, formed as soon as He is produced in Big Bang Nucleosynthesis (BBN). Such an asymmetric case was realized in [1] in the framework of WTC, where it was possible to find a relationship between the excess of negatively charged anti-techni-baryons and/or technileptons and the baryon asymmetry of the Universe.
The minimal walking technicolor model we use is the same as in our previous paper [1] (and references therein). It contains two techniquarks that transform under the adjoint representation of an SU(2) gauge group, i.e. up U and down D, with electric charges 1 and 0 respectively. There is also a new fourth family of leptons ν ′ and ζ with charges −1 and −2 respectively. This hypercharge assignment is not unique, however it is consistent, since it makes the theory gauge anomaly free. It was already noticed in [1] [18, 19] .
However, we'll show here that unlike the neutral (AC) atoms, having zero electroweak charge, the weak charge of [(UU)ζ] is non-zero and its interaction with nuclei, mediated by ordinary Z-boson, should lead to an observable effect in the CDMS experiment [32, 33] , unless the contribution of [(UU)ζ] to the total dark matter density is restricted to be a few percent.
An interesting feature of the considered scenario is that in a wide interval of masses of (UU) and ζ, the generation of excess corresponding to the saturation of the observed dark matter by techniparticles, predicts a fixed negative value for the ratio of lepton number L over the baryon number B. This ratio is constant for masses below few TeV and then rapidly grows by absolute value for larger masses and exceeds 10 8 , when they approach 10 TeV. A large negative value of L/B corresponds to strong lepton asymmetry and to the excess of antineutrino in the period of BBN, which leads to a corresponding growth of primordial He abundance. This argument provides an upper limit on masses of techniparticles.
The paper is organized as follows. After a brief description of the general chronological framework for the considered techniparticle Universe (Section II), we study the relation between baryon asymmetry and techniparticle excess, fixing the value of L/B ratio (Section III). In Section IV, we deduce an upper limit on possible contributions of [(UU)ζ] WIMPs in the total dark matter density, which follow from the most recent severe constraints of the CDMS experiment [33] . We also speculate on the possibility to explain the positive results of DAMA/NaI (see for review [34] ) and DAMA/Libra [35] experiments by ionization effects of inelastic processes, induced by techni-O-helium in the matter. We consider the main results of the present work in Section V.
II. CHRONOLOGICAL FRAMEWORK OF THE TECHNIPARTICLE UNI-

VERSE
It is well known that strong technicolor interactions provide strong exponential suppression of frozen antitechnibaryons, if a technibaryon excess is generated. Since the technilepton interaction is much weaker, even in the presence of a technilepton excess, the freeze out concentration of positively charged anti-techni-leptonsζ ++ can be significant. However, our previous detailed analysis [1] has shown that in the period after BBN, all the remainingζ WIMPs to the total dark matter density, which we deduce in Section IV from the results of CDMS search for WIMPs, makes the dynamical evolution of the considered techniparticle Universe virtually coinciding with the picture of techni-O-helium Universe, studied in [1] .
On the above reasons we can avoid a detailed analysis of all the stages of cosmological evolution of techniparticles and give only a brief sketch of this evolution, which serves as a framework for our further discussion of several specific problems. 
GeV for the reduced mass of the UU and ζ system. With the use of this notation, the chronology of techniparticle evolution after the generation of technibaryon and technilepton asymmetry, looks as follows:
1) In the period 10
GeV, ζ-lepton pairs ζζ annihilate and freeze out. For large m ζ , the abundance of frozen out ζ-lepton pairs is not suppressed in spite of a ζ-lepton excess. A similar period with the exchange of S 2 by B 2 can be mentioned for the freeze out of UU andŪŪ pairs. Due to the strong technicolor interaction, the freeze out abundance ofŪŪ is exponentially small for all the reasonable masses of technibaryons.
Even at the largest possible values of S 2 and B 2 , the freeze out temperature T f for techniparticles does not exceed substantially the freeze out temperature for sphaleron processes.
Because of this, the process of freezing out the technipartcles can not strongly influence the conditions under which techniparticle excess is generated.
2)In the period 6 · 10
negatively charged technileptons ζ −− can recombine with positively charged technibaryons Techni-O-helium, being an α-particle with screened electric charge, can catalyze nuclear transformations, which can influence primordial light element abundance and cause primordial heavy element formation. These effects need a special detailed and complicated study.
The arguments of [1] indicate that this model does not lead to immediate contradictions with the observational data.
After having been formed, the weakly interacting neutral UUζ "atoms" immediately decouple from the plasma, being close to typical cold dark matter particles by spectrum of their density fluctuations.
Due to nuclear interactions of its helium constituent with nuclei in the cosmic plasma, the techni-O-helium gas is in thermal equilibrium with plasma and radiation on the Radiation Dominance (RD) stage, while the energy and momentum transfer from the plasma is effective. The radiation pressure acting on the plasma is then effectively transferred to density fluctuations of the techni-O-helium gas and transforms them in acoustic waves at scales up to the size of the horizon. However, as it was first noticed in [22] , this transfer to heavy nuclear-interacting species becomes ineffective before the end of the RD stage and such species decouple from plasma and radiation. Consequently, nothing prevents the development of gravitational instability in the gas of these species. This argument was shown in [1] to be completely applicable to the case of techni-O-helium.
2 eV, estimated in [1] , the energy and momentum transfer from baryons to techni-O-helium is not effective because n B σv (m p /m o )t < 1, where m o is the mass of the tOHe atom, m p is the mass of the proton, and
where R o is the size of techni-O-helium, n B is the baryon number density, and v = 2T /m p is the baryon thermal velocity. The techni-O-helium gas decouples from the plasma and plays the role of dark matter, which starts to dominate in the Universe at T RM = 1 eV.
6) Therefore in the period after t ∼ 10 12 s at T ≤ T RM ≈ 1 eV, the techniparticle dominance starts. Due to the CDMS constraints [33] (see Section IV), the allowed fraction of UUζ is small and the techni-O-helium "atoms" play the main dynamical role in the development of gravitational instability, triggering the large scale structure formation. The composite nature of techni-O-helium determines the specifics of the corresponding dark matter scenario.
The total mass of the tOHe gas with density
In the period of decoupling T = T od , this mass depends strongly on the techniparticle mass S 2 and is given in [1]
where M ⊙ is the solar mass, and m P l is the Planck mass. The techni-O-helium is formed only at T o and its total mass within the cosmological horizon in the period of its creation is
On the RD stage before decoupling, the Jeans length λ J of the tOHe gas was restricted from below by the propagation of sound waves in plasma with a relativistic equation of state p = ǫ/3, being of the order of the cosmological horizon and equal to
After decoupling at T = T od , it falls down to λ J ∼ v o t, where v o = 2T od /m o . Though after decoupling the Jeans mass in the tOHe gas correspondingly falls down
one should expect a strong suppression of fluctuations on scales M < M o , as well as adiabatic damping of sound waves in the RD plasma for scales M o < M < M od . It can provide some suppression of small scale structure in the considered model for all reasonable masses of techniparticles. The significance of this suppression and its effect on the structure formation needs a special study in detailed numerical simulations. In any case, it can not be as strong as the free streaming suppression in ordinary Warm Dark Matter scenarios, but one can expect that qualitatively we deal with a Warmer Than Cold Dark Matter model. Being decoupled from baryonic matter, the tOHe gas does not follow the formation of baryonic astrophysical objects (stars, planets, molecular clouds...) and forms dark matter halos of galaxies.
Based on this general framework, we analyze the generation of techniparticle excess and the results of direct dark matter searches, which fix the parameters of the considered scenario and lead to robust predictions.
III. CALCULATION OF TECHNIPARTICLE EXCESS
In this section we calculate the relic densities of the particles of interest. Our derivation is similar as in [1, 13] . We assume the existence of a baryon-antibaryon asymmetry created sometime after inflation. Equilibrium between ordinary and techni-particles, supported by WTC, provides a definite relation between this asymmetry and technibaryonantitechnibaryon asymmetry. In addition, we assume that the conditions of thermal equilibrium via weak interactions hold down to the temperature where the sphalerons freeze out.
Under these conditions, the ratio of the technibaryon number T B over the baryon number B is given as
where L and L ′ are the lepton number and the technilepton number respectively. The parameters σ U U and σ ζ are statistical factors that depend on the mass of the particle in question and the freeze out temperature of the sphalerons and are defined in [1] . We should also mention that the above equation holds under the condition of a second order phase transition for the electroweak symmetry. The results for a first order phase transition has been shown not to change the conclusions significantly [13] .
In [1] , we examined the possibility that negatively −2 charged particles with substantial abundance can bind with 4 He forming electrically neutral atoms that can play the role of strongly interacting massive particles (SIMP) as part of warm dark matter. In particular,
we investigated the possibility of HeŪŪ and Heζ atoms. In this paper, we continue our investigation by looking at the possibility that UU ++ can bind with ζ −− forming again a neutral atom that can contribute to the dark matter density. As we are going to argue, such a bound state differs qualitatively from the Heζ and HeŪŪ states, since it behaves more as a WIMP, rather than a SIMP. As it has been argued previously [1, 13] , both UU and ζ carry technibaryon T B and technilepton number L ′ respectively. If no interactions violate T B and L ′ , and if UU and ζ are the lightest technibaryon and technilepton respectively, these particles are absolutely stable. Here, we investigate the possibility that there is a substantial relic density for UU and ζ, with the density of ζ being higher than that of UU.
In this case, the overwhelming majority of UU will be captured by ζ forming neutral bound states UUζ, while the remaining ζ will be captured by 4 He ++ , forming neutral Heζ. In such a case, the contribution to the dark matter density Ω d is
where m d is the mass of the bound state of UUζ, m p is the mass of the proton, and m ζ is the mass of the bound state Heζ. If we denote by x the portion of dark matter composed of UUζ (and therefore 1 − x the one made of Heζ), by using Eq. (3), we get the ratio L/B
as a function of x as
For our scenario to be realized, the quantity inside the parenthesis of Eq. 
IV. DETECTION OF COMPOSITE STATES WITH TECHNIPARTICLES A. Detection of UUζ
The neutral bound state between an electrically positively +2 charged UU and a negatively −2 charged ζ has completely different features as a dark matter candidate from Heζ and the techni-O-helium candidates presented in [1] . In the case of Heζ (and in general for all techni-O-helium candidates), because of the He atom, the elastic cross section with nuclei is very large (of the order of 10 −25 cm 2 ). If such a particle exists, the large cross section with nuclei will slow down the particle sufficiently in case it enters the atmosphere of the Earth, that the recoil energy in the underground based detectors like CDMS will be below the required threshold [1] . Only balloon, ground, or space based detectors can possibly detect this particle. On the other hand, UUζ does not contain helium nucleus and has an elastic cross section with nuclei much smaller than Heζ. As we shall argue, the elastic cross section is effectively the same as of a heavy Dirac neutrino. This means that CDMS constraints should be taken into consideration, since UUζ behaves as a typical WIMP.
The elastic spin independent cross section of a neutral particle scattering off nuclei targets
where G F is the Fermi constant, Y is the weak hypercharge of the WIMP and µ is the reduced mass of the WIMP and the target nucleus.N = N − (1 − 4sin 2 θ w )Z, where N and Z are the number of neutrons and protons in the target nucleus and θ w is the Weinberg angle. The parameter F 2 is a form factor for the target nucleus. The cross section can be written as
In this case, our WIMP is not a single neutral particle, but it is a bound state between two For the form factor F 2 , we use the Helm form factor
where q = √ 2M n T is the recoil momentum of the target nucleus, T is the recoil energy, M n is the mass of the target nucleus, and j 1 (qR 1 ) is the spherical Bessel function. The parameter s = 0.9 fm and R 1 is defined through
where a = 0.52 fm and c ≃ 1.23A 1/3 − 0.6 fm. For Ge A = 73. The number of projected counts in CDMS is given by
where τ is the exposure of the detector measured in kg.days, E 1 and E 2 are respectively the lower and upper bounds for the recoil energy that the detectors have satisfying efficiency.
We take E 1 = 10 keV, E 2 = 100 keV, and τ = 121 kg.days. The differential rate with respect to the recoil energy is where E 0 is the kinetic energy of the WIMP, and r = 4mM n /(m + M n ) 2 , m being the mass of the WIMP. The constants c 1 = 0.751, and c 2 = 0.561, are fitting parameters that take into account the motion of the Earth [37] . The parameter R 0 is
The parameters ρ dm and υ 0 are the local dark matter density of the Earth and the thermal velocity of the WIMP respectively. It is understood that since in our scenario UUζ makes up x100% of the total dark matter density, ρ dm should always be multiplied by x. Here, we are going to use υ 0 = 220 km/s. We should also mention that the 90% confidence level for a confirmed event is 2.3 counts. So far, no confirmed counts have been found in CDMS [32, 33] .
As Fig. 2 shows, the CDMS constraints restrict severely the percentage of UUζ in the dark matter. The area above the curves has been excluded by CDMS. For a hypothetical UUζ with a mass of 20 TeV, this particle can only make up for 3 to 6% of the dark matter density (if the local dark matter density of the Earth is between 0.1 and 0.3 GeV/ cm 3 ). A higher portion of UUζ is allowed by the theory, but because of the spin independent cross section with nuclei, it would have given a clean signal in CDMS. This percentage of course depends strongly on the local dark matter density and the mass of UUζ. The mass of UUζ is roughly speaking the sum of m U U and m ζ and therefore for a UUζ mass of 20 TeV, it might correspond to particles UU and ζ with masses of 10 TeV. Under the circumstances,
UUζ can be only a tiny fraction of dark matter and this means that the rest of dark matter should be Heζ. For reasons that have been presented in [1] , Heζ is not detectable in the detectors of CDMS. As we already mentioned masses of UU and/or ζ larger than 4.5 to 7.5
TeV (depending on the sphaleron freeze out temperature) give an absolute value for the ratio L/B larger than 10 8 and this might induce problems [36] . The reason the curves in Fig. 2 are almost straight lines has to do with the fact that for large masses of UUζ, R 0 ∼ 1/m, E 0 ∼ m, and r ∼ 1/m. From Eqs. (10), (11), and (12), we see that the mass of UUζ is proportional to the dark matter density for a fixed number of counts.
Apart from the CDMS constraint regarding the mass of UU and ζ, there is also a cos- the free helium will be captured by ζ in order to form Heζ. If the particle ζ is sufficiently light and if Heζ represents a significant fraction of dark matter, a big amount of He will be captured, making the overall abundance of free helium much smaller than the predicted (and observationally verified) 25%. The existence of systematic errors regarding the helium abundance observed in the Universe is a legitimate possibility [38, 39] . For the derivation of our constraint, we are going to assume that the helium abundance can be at most ±2%
away from the SBBN predicted value. Upon making this assumption, we can derive a lower bound for m ζ as a function of the percentage of Heζ in the overall dark matter density. It is understood that the lighter ζ is, (given a fixed mass density of Heζ), the larger the number density of the bound states of Heζ becomes and therefore the amount of He needed to form
Heζ. This means that the abundance of free He drops. The constraint comes exactly from the fact that we do not allow a He abundance decrease more that 2%. The densities of Heζ n heζ and He n He are respectively
where y = 1 − x represents the fraction of Heζ in the overall dark matter density. The amount of He captured by ζ is equal to n Heζ and according to the constraint it should not be more than 2% of the overall baryon mass density. Therefore, if we take the ratio of Eqs. (13) and (14), we have n Heζ n He = 5.5y 0.25
From this equation we can find the lowest m ζ as a function of y that satisfies the constraint.
The mass of Heζ is roughly equal to the sum of m He and m ζ , since the binding energy of 
B. Detection of techni-O-helium
The constraint on WIMP-like UUζ component of dark matter leads to the scenario of techni-O-helium Universe, described earlier in [1] . The composite nature of this dominant fraction of techniparticle dark matter can lead to a number of observable effects.
The nuclear interaction of techni-O-helium with cosmic rays gives rise to ionization of this bound state in the interstellar gas and to acceleration of free ζ −− in the Galaxy. Assuming a universal mechanism of cosmic ray acceleration, the anomalous low Z/A component of −2 charged technileptons can be present in cosmic rays and be within the reach for PAMELA and AMS02 cosmic ray experiments.
It should be noted that techni-O-helium is not initially present in significant amounts inside stars so that the injection of free ζ from Supernova explosions might be suppressed, making the regular mechanisms of cosmic ray acceleration ineffective for this component. The evident consequence of the techni-O-helium dark matter is its inevitable presence in the terrestrial matter. This is because terrestrial matter appears opaque to tOHe and stores all its in-falling flux.
If the tOHe diffusion in matter is determined by elastic collisions, the in-falling tOHe particles are effectively slowed down after they fall down terrestrial surface. Then they drift, sinking down towards the center of the Earth, with velocity
where A ∼ 30 is the average atomic weight in terrestrial surface matter, n = 2.4·10 24 /A is the number of terrestrial atomic nuclei, σv is the rate of nuclear collisions and g = 980 cm/ s 2 .
Near the Earth's surface, the techni-O-helium abundance is determined by the equilibrium between the in-falling and down-drifting fluxes. Such neutral ( 4 He ++ ζ −− ) "atoms" may provide a catalysis of cold nuclear reactions in ordinary matter (much more effectively than muon catalysis). This effect needs a special and thorough investigation. On the other hand, ζ −− capture by nuclei heavier than helium [40] , can lead to production of anomalous isotopes, but the arguments presented in [1] , indicate that their abundance should be below the experimental upper limits.
It should be noted that the nuclear cross section of the techni-O-helium interaction with matter escapes the severe constraints [41] on strongly interacting dark matter particles (SIMPs) [41, 42] imposed by the XQC experiment [43] . Therefore, a special strategy of techni-O-helium search is needed, as it was proposed in [44] .
In underground detectors, tOHe "atoms" are slowed down to thermal energies and give rise to energy transfer ∼ 2.5 · 10 −3 eVA/S 2 , far below the threshold for direct dark matter detection. It makes this form of dark matter insensitive to the CDMS constraints. However, tOHe induced nuclear transformation can result in observable effects.
At a depth L below the Earth's surface, the drift timescale is t dr ∼ L/V , where V ∼ 
and
The first reaction is possible, if the masses of the initial and final nuclei satisfy the energy
where is given by
It is interesting that the energy release in such a transition for two 1s electrons in 53 I 127 is about 2 keV, while for 81 T l 205 it is about 4 keV. Taking into account that the signal in the DAMA experiment was detected with similar energy of ionization, this idea deserves more detailed analysis, which might be useful for interpretation of this experiment. Since the experimental cuts in the CDMS experiment, exclude events of pure ionization, which are not accompanied by phonon signal, if valid, the proposed mechanism could explain the difference in the results of DAMA and CDMS. In all the previous realizations of composite dark matter scenarios, this excess was put by hand to saturate the observed dark matter density. In our paradigm, the abundance of techibaryons and technileptons is connected naturally to the baryon relic density. Moreover, The destruction of techni-O-helium by cosmic rays in the Galaxy releases free charged technileptons, which can be accelerated and contribute to the flux of cosmic rays. In this context, the search for techniparticles at accelerators and in cosmic rays acquires the meaning of a crucial test for the existence of the basic components of the composite dark matter.
At accelerators, techniparticles would look like stable doubly charged heavy leptons, while in cosmic rays, they represent a heavy −2 charge component with anomalously low ratio of electric charge to mass. If it has the same energy spectrum as ordinary cosmic rays, it can be observed in the PAMELA experiment.
To conclude, the minimal walking technicolor cosmology can give a robust cosmological scenario of composite dark matter, giving rise to a set of exciting observable effects.
